Electrical and structural characterization of nano-particles are very important steps to determine their potential applications in microelectronics. In this paper, we adress the crystallographic and electric transport properties of soft-chemistry-grown nanometric Pt tribranches. We report that Pt nanostars grown from the reduction of H 2 PtCl 6 1 salt in pure oleylamine present a remarkable crystalline structure and a deeply metallic character despite being grown under mild conditions. We demonstrate that such devices are able to operate at current densities surpassing 200 MA/cm 2 , actuating as highly compact frequency multiplexers in the non-ohmic regime.
Introduction
Nowadays, a progressive miniaturization of electrical devices to the nanometric scale is imperative for achieving more densely-packed processing power. This calls for carefully engineered components at the scale of a few tens of nanometers. Such an extreme miniaturization constitutes a major manufacturing challenge, as surface and short-range effects (such as van-der-Waals, dipolar interaction, electrostatic, etc) add complexity to the design and fabrication processes compared to micrometer-scale devices.
A possible route for miniaturization is the bottom-up approach, where the building blocks are nano-objects grown using chemical methods. Recent developments in nanochemistry yields high-quality nano-crystals with tuneable sizes and shapes.
1,2 Such liquid-phase syntheses are generally governed by successive nucleation and growth steps. The modulation of the precursors reactivity, by thermal or chemical means, constitutes one of the major levels of control of the final nanoparticle (NP), 3 leading to an unprecedented shape control.
Among the different materials grown using chemical methods, noble metal NPs have been extensively studied in the past few years. For example, kinetically-controlled chemical growth conditions can lead to the formation of Au, 4 Pd, 5, 6 Pt, 7, 8 and bimetallic stars. 9 In particular, Maksimuk et al. reported that a two-step nucleation/growth process could lead to Pt tripods. 8 Elaborating on this possibility, we subsequentially demonstrated, in a previous work, a reproducible achievement of single-crystalline 3-fold (tripods) and 5-fold Pt stars by tuning the decomposition of H 2 PtCl 6 in presence of dihydrogene. 10 These objects could be model systems for electronic transport measurement due to their perfect crystallinity.
Yet, the electric and electronic properties of such star-shaped metallic NPs did not receive much attention to date, with reports in the literature mostly focusing on their plasmonic and catalytic properties. 11, 12 However, because of their high crystallinity and multi-branch nature, these are foreseen as active or interconnecting parts of the next generation of miniaturized circuits. For instance, their semiconducting counterparts were reported to selectively deflect an incoming electron beam from the central branch towards the second or third branch thanks to a local electric field generated by side-gate electrodes.
13
These perspectives are just being envisioned at the moment as more fundamental studies are required. In order to improve the understanding of such exotic objects, in this paper, we experimentally determine the electric properties of chemically-grown, highly crystalline, star-shaped platinum nanostars. Our samples have shown the properties of bulk metals, thus operating as classical devices. Thanks to their geometry, these objects show non-linear electrical properties with potential application as nanometric, passive frequency multipliers.
Results and discussion
Pt nanostars were obtained by reducing a platinum salt (H 2 PtCl 6 , 6H 2 O) in pure oleylamine under dihydrogene at 150 o C, as previously described. 10 The direct decomposition of the precursor at low concentration (here typically 2.5 mM) yield thin nanostars along with few ill-defined nanoparticles. The stars exhibit mostly a three-fold symmetry with mean arm width and length of 7 ± 1 nm and 60 ± 35 nm, respectively (Figure 1 and S1 Figure S2 ). Interestingly, these stars exhibit numerous sharp edges, as previously described. High resolution TEM images performed on thick stars confirmed their good crystallinity ( Figure 2 ). The presence of tilted branches allowed to clearly observe a twin plane, separating the arms into two mirror-like perfect crystals, as previously reported. 8, 10 The overgrowth of the Pt arms keept on propagating the twin plane, initially present within the triangular seeds ( Figure S4 ). The presence of the sharp edges and the twin planes leads to a star exhibiting mostly {111} facets, which are known to have the lowest surface energy in Pt.
Planar 3-fold stars have been further studied thanks to proper electric connection. The devices were divided into two categories: thick and thin nanostars. Each arm in the thick samples had typical dimensions of 250 nm x 60 nm x 16 nm (length x width x height), whereas the thinner Pt nanostars had typical dimensions of 100 nm x 7 nm x 7 nm (see the suppl. material for an AFM image of a thick device). In both cases the nanostars were composed by two perfect crystals grown symmetrically aside a twinning boundary ( Figure   2e ).
The samples were electrically addressed as described in the methods section. In short, a solution containing the stars was deposited atop 300 nm SiO 2 -coated Si substrates. After cleaning processes, the cleanest and most isolated specimens were selected and contacted using standard electron nanolithography techniques. The electrodes were composed by a thermally-evaporated 40 nm gold film on a 5 nm Chromium buffer layer. A connected device is shown in figure 3 , where the branches are labeled with indexes i, j and k. Measurements were performed in the three-probe measurement scheme, in which an electrical current is injected through the branches i and k (I ik ), while the voltage (V jk ) is measured between branches j and k. The ratio V jk /I ik provides the resistance of branch k, denoted R k . This experimental resistance can be viewed as the upper limit of the star's dendrite resistance, which includes an additional contact resistance (see the supplementary material for more details).
All branches of the same star presented similar properties, and hence only a single branch of each sample will be presented. The typical temperature dependency of the branches electrical resistivity is shown in figure 4 . The stars showed a behavior of the
This behavior is typical of metals and is usually attributed to thermally-activated electronphonon scattering. 
which remained below 10%. The term µ is obtained from the fitting of the experimental data and is assigned to the Drude-like mobility of the system. 16 Values obtained this way were in the range 8 cm
The inverse mobility (µ −1 ) scaled together with ρ(T ), suggesting the reduction of µ as the main mechanism for the ρ(T ) behavior shown. Such dependence is expected in bulk metals in the diffusive regime according to the Drude model (σ = ρ −1 = neµ), 16 and indicates that the samples, albeit nanometric, behave as well-crystallized bulk metals.
Our results are consistent with previous studies carried out in high-purity Pt. For example, it was experimentally inferred that the mean free path for electrons in pure Pt thin films lies around 10 nm, with finite size effects being more pronounced in samples with thicknesses below 1 nm. 17 At the same time, ab-initio calculations estimate an inelastic mean free path below 5 nm for electrons in Pt. 17, 18 These values are smaller than the typical dimensions of our devices. In addition, the residual resistivity ratio in our samples (RRR ≡ R(300 K)/R(4.2 K)) was below 10, suggesting the presence of a relatively high concentration of impurities (typical RRR's in high-purity bulk Pt range between RRR ≈ 50−5000 [19] [20] [21] ), and thus a shorter mean free path than the ones reported in the literature. 17, 18 However, we note that the amount of impurities in our devices did not greatly increase their expected resistivity, which ranged between 100 µΩcm < ρ(300 K) < 300 µΩcm.
Such values are only one order of magnitude higher than the typical resistivity of pure Pt (approx. 10 µΩcm), 21, 22 thus corroborating that impurities/defects in our samples do not mask the metallic character of the crystalline NPs. Prior to failure, the stars resistance was well described by the empirical relation R j (I ij ) = (R 0 j + α j I 2 ij ) where the non-linear term can be understood as due to a variation of the device temperature because of Joule heating. Thanks to the unusual geometry of the stars, we were able to explore the implications of such non-linearity by measuring the samples in a configuration known as push-pull. In it, symmetric voltage sources are used to simultaneously drive two different sample branches, as depicted in fig. 6a . Classically, the voltage at the third branch relates to the difference between the resistances of the remaining branches as:
where V in corresponds to the input voltage (see the suppl. material for the equivalent circuit).
in ), keeping the terms up to the second order in V and substituting it in eq. 2 yields an expression of the type
material for an explicit deduction). We use this geometry to explore the non-linear behavior of the device. For this purpose, a low 1 Hz excitation voltage V in was applied in a push-pull fashion at branches i and j of a thin star, while the voltage at the third branch was recorded.
Results are shown in fig. 6 , where V k is plotted for different V in at T = 4.2 K. As the input voltage increases, the non-linear terms in V k (V in ) become more important, causing a frequency multiplication. In particular, we observe frequency doubling and tripling effects for V in = 40 mV and V in = 50 mV, respectively. The phenomenon is more pronounced at low temperatures, as shown in fig. 6a . We conjecture that this happens because less power is necessary to locally increase the sample temperature at low T, thus resulting in a more pronounced non-ohmicity of the devices at cryogenic temperatures.
Albeit the non-linearity observed can be attributed to the temperature change of the devices due to joule heating, the sample's reduced dimensions, large surface/volume ratio and metallic character are crucial, as they warrant a system with efficient heat exchange. This is evidenced in V k (V in ) curves shown in fig. 6a , which are reproducible in the non-linear regime upon increasing and decreasing V in . Samples operated successfully in the non-linear regime up to 10 kHz (the highest V in frequency probed), further demonstrating the low thermal inertia of the stars (see figure 6b ).
We note, however, that an unexpected DC rectification effect is seen in some devices.
This arises as a slight asymmetry in their V k (V in ) curves (see fig. 6 ), as well as a non-zero averaged value of V k (t). The rectification term can be understood if one considers that the IxV characteristics of the devices are slightly asymmetric, in which case R(I) could be written as R = R 0 + λI + αI 2 , λ ≪ R 0 , α. The λ term of each branch becomes increasingly important for devices with very small R j − R i (see eq. 2). Albeit incompatible with the hypothesis that the samples behave as classical metals, and usually attributed to ballistic effects in semiconducting tribraches, 24 such behavior can be understood classically if one considers the geometry in which our measurements were made. V k measures the difference of resistance not only between branches, but also between their respective contacts. Any non-linearity at the sample contacts, hence, will translate to V k . Since the contacts are not made from the same material as the Pt device, it is reasonable to assume the occurrence of an intermetallic barrier at the interface, similar to a very leaky diode. Assuming such The red curves correspond to the experimental data, and the black curves are obtained from
The same parameters were used for all curves. Note the frequency doubling and tripling taking place at V in = 40 mV and V in = 50 mV, respectively. design, the rectification observed in V k is justified within classical phenomena.
In conclusion, we characterized the electrical properties of highly-crystalline Pt nanostars grown at 150 o C and using soft chemistry methods.The devices have shown electrical resistivity in the range 100 µΩcm < ρ(300 K) < 300 µΩcm -only one order of magnitude higher than values reported for high-purity, pristine Pt. Such behavior can be attributed to the occurrence of a small quantity of impurities/defects, which are not enough to hinder the highly metallic character of the NPs. 
Methods

Synthesis of Pt nanostars.
Pt nanostars were prepared by reduction of H 2 PtCl 6 salt in pure oleylamine by adapting a previously published synthesis. 
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